Background {#Sec1}
==========

EBI2 (Epstein-Barr virus induced gene 2, aka GPR183) is a G protein coupled receptor involved in regulation of T cell-dependent antibody response in B cells \[[@CR1], [@CR2]\]. The receptor's most potent endogenous agonist is an oxysterol, 7α, 25-dihydroxycholesterol (7α25HC). Oxysterols, oxygenated derivatives of cholesterol, are involved in cholesterol homeostasis and turnover and have been shown to play important roles in immune defense, astrocyte biology, as well as in myelination \[[@CR3]--[@CR7]\]. Cholesterol is a crucial component of myelin, and deficiency or lack of cholesterol staggers the rate of myelin formation and results in motor symptoms, as has been shown in genetically modified mice in which myelinating oligodendrocytes cannot synthesize cholesterol \[[@CR8]\]. In addition to being involved in normal myelin development, cholesterol and its metabolites, in particular oxysterols, have also been shown to have detrimental effects on myelin. For instance, they inhibit myelin gene expression in the peripheral nervous system via liver x receptor (LXR) α and β mediated signaling \[[@CR9]\]. Oxysterols have also been shown to have adverse effects on oligodendrocyte viability in vitro*.* Indeed, treatment of oligodendrocyte cell line 158N with 25HC or 22SHC induced cell death and morphological changes independently of LXR signaling \[[@CR10]\]. On the other hand, mass spectroscopy analysis of oxysterols showed the presence of oxysterol biosynthetic enzymes and oxysterols in oligodendrocytes indicating that oxysterols may signal in an autocrine/paracrine manner in oligodendrocytes \[[@CR10]\]. Moreover, oxysterols enhance expression and activity of phospholipase A2 leading to a protective effect in oligodendrocytes \[[@CR10]\]. These studies show that oxysterols may play dual role in oligodendrocyte/CNS biology having either detrimental or supportive functions depending on the oxysterol \[[@CR10]\].

Abnormal levels of EBI2 and oxysterols have been found in a number of neurodegenerative diseases such as multiple sclerosis (MS), Alzheimer's disease, or cerebrotendinous xanthomatosis \[[@CR11]--[@CR14]\]. For instance, EBI2 was shown to be functionally expressed in MS patients \[[@CR15]\]. Specifically, EBI2 is highly expressed in infiltrating Th17 cells in MS lesions \[[@CR16]\]. Moreover, its expression is particularly enhanced in memory CD4+ T cells in Natalizumab-treated MS patients \[[@CR15]\]. On the other hand, altered levels of oxysterols have been detected in experimental autoimmune encephalomyelitis (EAE) animals, the animal model of MS, as well as in MS patients \[[@CR14], [@CR17]\]. For instance, plasma levels of 25HC, the precursor of 7α25HC, were reduced in relapsing-remitting MS patients compared to controls \[[@CR14]\]. It has been proposed that lower synthesis of this oxysterol by macrophages decreased the negative-feedback loop exerted by 25HC on IL1-family of cytokines leading to aggravated MS course \[[@CR14]\]. This hypothesis is based on a study where deficiency of CH25H in mice resulted in exaggerated course of EAE and also lead to overproduction of IL1β in CH25H KO macrophages suggesting anti-inflammatory properties of 25HC \[[@CR18]\]. However, opposite findings were also reported in CH25H KO mice where attenuated course of EAE was observed \[[@CR19]\]. In this study, lower levels of CH25H resulted in decreased 7α25HC synthesis leading to diminished trafficking of pathogenic CD4+ T cells to the CNS \[[@CR19]\]. Similar findings were reported in cells derived from childhood cerebral X-linked adrenoleukodystrophy patients \[[@CR20]\]. In these patients, increased production of 25HC by pluripotent stem cells and fibroblasts was found to induce NLRP3 inflammasome signaling. Moreover, in mice injected with 25HC in the corpus calossum recruitment of microglia, increased levels of IL1β and oligodendrocyte death was reported \[[@CR20]\]. Another study, however, found that during EAE, genes such as CH25H are upregulated in microglia during demyelinating and remyelinating stages of the disease to support myelination \[[@CR21]\]. Similarly, a study has shown that treatment of mouse astrocytes with LPS induces the release of 25HC, 7α25HC, and 7β25HC from these cells \[[@CR6]\]. Furthermore, this LPS-conditioned media induced macrophage migration indicating an important role EBI2/oxysterols axis plays in the crosstalk between the immune and CNS cells. Of interest, mutations in the CYP7B1 gene, which encodes for the enzyme that converts 25HC into a 7α25HC, have been identified as the cause of spastic paraplegia gene 5 (SPG5). This neurodegenerative disorder belongs to a group of diseases called hereditary spastic paraplegias and is characterized by neuropathy of upper motor neurons as well as periventricular and subcortical white matter lesions \[[@CR22], [@CR23]\].

Inflammation in the CNS and the presence of pro-inflammatory cytokines such as TNFα/β and IL1β have been shown to induce demyelination in vivo \[[@CR24], [@CR25]\]. Direct injection of TNFα/β into the sciatic nerve induced inflammation, axonal damage, and demyelination \[[@CR24]\]. In another study, chronic IL1β expression induced inflammation, breakdown of the BBB, activation of astrocytes and microglia, and pronounced demyelination without the loss of neurons \[[@CR25]\]. EBI2 expression in Th17 cells was shown to be regulated by IL1β and IL23 cytokines \[[@CR16]\]. Importantly, enhanced EBI2 expression in these cells promoted passive EAE. Inflammation and presence of pro-inflammatory cytokines and oxidative stress have been shown to induce demyelination also in organotypic slice cultures \[[@CR26], [@CR27]\]. Studies have shown that lysophosphatidylcholine (LPC) and lipopolysaccharide (LPS) induce increase in IL1β, IL6, TNFα, CXCL5 (LIX), and CCL3 (MIP1α) in organotypic slices and lead to oligodendrocyte and axonal damage and demyelination \[[@CR26], [@CR27]\]. Previous studies have suggested that inhibition of pro-inflammatory chemokine/cytokine levels in cerebellar slices might be a mechanism via which demyelination is restricted \[[@CR27]--[@CR29]\]. Treatment of cerebellar slices with FTY720 or BAF312, S1P receptors agonists with immunomodulatory properties, attenuated LPC-or galactosylsphingosine (psychosine)-induced demyelination and pro-inflammatory chemokine release \[[@CR27]--[@CR29]\]. Similar mechanisms were observed for cuprizone-induced demyelination in corpus callosum where treatment with FTY720 protected from demyelination via inhibition of pro-inflammatory cytokine release such as IL1β \[[@CR30]\]. Others have also shown that inhibition of TNFα signaling attenuated demyelination in organotypic slices indicating a direct role of pro-inflammatory cytokines in mediating myelin damage \[[@CR26]\].

Since oligodendrocytes use cholesterol as a building block for myelin, and oxysterols are involved in cholesterol homeostasis and turnover, it is possible that EBI2, which is activated by oxysterols, may play an important role in myelination \[[@CR3]\]. Thus, to examine the role of EBI2 signaling in myelination under normal and pathophysiological conditions, the effect of EBI2 activation on myelination state was examined in vitro using organotypic cerebellar slices and in vivo in wild type (WT) and EBI2 KO animals.

Methods {#Sec2}
=======

Compounds, antibodies, and stains {#Sec3}
---------------------------------

EBI2 antagonist (NIBR189) \[[@CR31]\] and 7α25HC were prepared as 10 mM stock solutions dissolved in 90% dimethyl sulfoxide (DMSO, Sigma). Lysolecithin from egg yolk (L-α-Lysophosphatidylcholine, LPC, Sigma, L4129) was prepared as 25 mg/ml stock in serum-free media. Primary rabbit polyclonal antibodies were anti-glial fibrillary acidic protein (GFAP, Abcam, ab7260), anti-myelin basic protein (MBP, Abcam, ab40390), anti-Iba1 (Wako, 019-19741), and anti-actin (Pierce, PA1-16889). Primary monoclonal anti-human EBI2 antibodies were generated by genetic immunization of mice \[[@CR32]\] and made available through Euroscreeen S.A. Belgium. One hybridoma subclone 607B1C31C1 (batch ACE25368), known as 607B, was used. Primary rat monoclonal antibodies were anti-CD31 (BD, 553370) and anti-F4/80 (eBiosciences, 14-4801-81). Mouse monoclonal antibodies used were anti-MBP (Covance, SMI 94), anti-olig1 (Millipore, MAB5540), anti-CNPase (Millipore, MAB326R), and anti-MOG (Millipore, MAB5680). The other primary antibody used in this study was chicken polyclonal anti-neurofilament heavy chain (Millipore, AB5539). Secondary goat antibodies used for immunocytochemistry were anti-mouse 488 (Invitrogen Alexa, A11029), anti-mouse 633 (Invitrogen Alexa, A21052), anti-rabbit 488 (Invitrogen Alexa, A11008), anti-rabbit 633 (Invitrogen Alexa, A21070), anti-chicken 633 (Invitrogen Alexa, A21103), anti-rat 488 (Invitrogen Alexa, A-11006), and anti-rat 633 (Invitrogen Alexa, A21094). Human secondary mouse antibody used was anti-human 488 (Invitrogen Alexa, A10631). Other secondary antibodies used were Jackson ImmunoResearch donkey anti-chicken 549 (703-505-155) and anti-mouse 549 (715-505-020). Secondary antibodies used for Western blotting (WB) and conjugated to horse-radish peroxide (HRP) were donkey anti-rabbit IgG (GE Healthcare, NA934) and goat anti-mouse (Sigma, A8924). Dye used for cellular staining was nuclear stain Hoechst 34580 (Invitrogen, H21486).

Animal husbandry {#Sec4}
----------------

The EBI2 double (−/−) KO mouse strain (mixed genetic background C57BL/6 x C129) was purchased from Deltagen \[[@CR33]\]. All mice, the KO and WT littermates, were housed in filter-top cages under specified pathogen-free conditions, and a standard diet and water were provided ad libitum. All animal procedures were approved by the institutional ethics committee (Novartis Pharma, Basel, Switzerland, and Trinity College Dublin, Ireland). For myelin development experiments, WT and EBI2 KO animals were sacrificed at indicated time points; whole brains were removed from skulls and snap frozen in liquid nitrogen. Heads of embryonic day 14 (E14) animals were detached and frozen in liquid nitrogen with the skin and remaining tissue.

Tissue and cell culture {#Sec5}
-----------------------

Cerebellar slice cultures were prepared, using brain tissue isolated from postnatal day 10 WT C57BL/6 mice or EBI2 KO mice according to the protocol reported earlier \[[@CR27]--[@CR29], [@CR34], [@CR35]\]. Briefly, mice were decapitated, cerebellar tissue was removed from the skull, cooled down in Opti-MEM (Invitrogen, 11058021), and separated from hindbrain with spatulas. Cerebellum was cut into 400 μm parasagittal slices using a McIlwain tissue chopper. Slices were cooled in Opti-MEM on ice and later separated into individual slices under dissection microscope using needles. Four to six slices were grown on each cell culture insert (Millicell, PICMORG50). Slices were cultured using an interface method with 1 ml of medium per 35 mm well. Slices were grown in 50% Opti-MEM, 25% Hanks' buffered salt solution (HBSS, Invitrogen, 14025-050), 25% heat-inactivated horse serum (Bio-Sera, HO-290) supplemented with 2 mM Glutamax (Invitrogen, 35050-038), 28 mM D-glucose (Sigma, G8769), 1% pen/strep, and 10 mM HEPES (Sigma, H3784) for 12--14 days in vitro unless otherwise indicated in figure legends. Slice cultures were grown at 35.5 °C and 5% CO~2~ in a humidified incubator. Prior to treatment, slices were starved in serum free media for 4 h and then transferred to fresh serum-free medium containing LPC (0.4 mg/ml) (Sigma, L-4129) and incubated overnight for 18 h, with or without 7α25HC (1 μM) and/or NIBR189 (NIBR189, 1 μM). Following 18 h LPC, 7α25HC and/or NIBR189 treatment, slices were transferred to medium containing 7α25HC (1 μM) and NIBR189 (1 μM) alone for further 30 h (48 h in total). For myelin development experiments, slices were grown in 7α25HC (1 μM) or NIBR189 (1 μM) or control media immediately after preparation for 7, 14, or 20 days in vitro (DIV). Fresh compounds were added every other day when media was changed. For myelin development in WT versus EBI2 KO animals, slices were grown in complete media without compounds for indicated time. To measure the extent of neuronal demyelination, immunocytochemistry was performed. Human monocyte (U937) was grown in RPMI 1640 medium supplemented with Glutamax, 10% FBS, 1% sodium pyruvate (Invitrogen, 11360-070), 1% MEM non-essential amino acids (NEA, Invitrogen, 11140), 0.1% 2-Mercaptoethanol (Sigma, M7154), and 1% pen/strep in T75 culture flasks. Cells were grown in a humidified incubator at 37 °C and 5% CO~2~.

Enzyme-linked immunosorbent assays {#Sec6}
----------------------------------

Mouse cerebellar slices were treated as described above, and media was collected following 18 h LPC treatment with or without the compounds treatment and frozen at − 20 °C. Levels of cytokines in the supernatant were measured with the following RnD Systems ELISA kits: mouse IL6 (DY406) and mouse IL1β (DY401) according to the manufacturer's instructions and similar to our previous reports \[[@CR28], [@CR29], [@CR36]\]. Briefly, 96-well ELISA plates (Thermo Scientific, 95029780) were coated overnight at room temperature with capture antibodies diluted in PBS. The plates were washed three times with wash buffer (0.05% Tween 20 (Sigma, P7949), PBS, pH 7.4) and then blocked for 1 h at room temperature with 1% BSA. The plates were then washed three times with wash buffer, and any remaining buffer was removed from the wells by aspiration. A standard curve was prepared using serial dilutions of the recombinant protein diluted in their reagent diluents: 1% BSA in PBS or for mouse IL1β 0.1% BSA, 0.05% Tween-20 in tris-buffered saline (TBS, Fisher, 10785341). The samples and standards were incubated in the antibody-coated ELISA plate for 2 h at room temperature. The plate was then washed three times with wash buffer, and 50 μl of the detection antibody (diluted in their respective reagent diluents) was added to all wells. Following three further washes, 50 μl of streptavidin-HRP diluted in reagent diluents was added to each well and incubated for 20 min at room temperature, protected from light. Three further washes were carried out, and the wells were incubated with 50 μl of substrate solution (RnD Systems, DY999) for 20--40 min at room temperature, protected from light. The color reaction was stopped by the addition of 50 μl 1 M H~2~SO~4~, and absorbance was read immediately using a plate reader at 450 nm (Labsystem Multiskan). The standard curve was calculated by plotting the standards against the absorbance values, and the cytokine levels were measured in picograms per millilitre.

Western blot analysis {#Sec7}
---------------------

Mice whole brains were quickly dissected and frozen in liquid nitrogen and then kept at − 80 °C until used. The brains were homogenized in radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo, 89900) using Qiagen Tissue lyser (85220) with metal beads for 30 s 3 to 4 cycles. The protein content was then analyzed with a bicinchoninic acid assay (BCA, Thermo Scientific, 23225). The samples were then equalized to 30 μg/well of protein with H~2~O. The samples were mixed with the sample buffer (Bio-Rad, 161-0737 supplemented with 10% β-mercaptoethanol, Sigma, M6250) and incubated for 10 min at 75 °C. The protein samples were then separated in 10% SDS-polyacrylamide gels and transferred onto a polyvinylidene membrane (Immobilon P, Millipore, IPVH00010). The membrane was blocked for 1 h at room temperature, incubated with primary antibody overnight at 4 °C, washed four times for 5 min, and then incubated with secondary antibody for 1 h at room temperature. Blocking and antibody incubation steps were performed in PBS supplemented with 0.1% Tween-20 (PBS-T) and 5% non-fat milk and wash steps using PBS-T. After further four 5-min washes, the membrane was incubated with chemiluminescent HRP substrate (Immobilon Western, Millipore, MDR-100-030Q) and read using Image Reader LAS-3000 (Fujifilm). Densitometry measurement of band intensity was used for quantification using ImageJ software. Bar graphs show mean relative density of the target protein to the reference protein.

Immunocytochemistry {#Sec8}
-------------------

Immunocytochemistry of organotypic slices was performed by firstly washing the slices twice in PBS. The slices were then fixed and permeabilised by incubation in 4% paraformaldehyde (PFA) for 10 min on ice followed by incubation in ice-cold 100% methanol for 5 min. The slices were then washed twice for 5 min in PBS and incubated overnight in the TxBN buffer (PBS supplemented with 0.5% Triton-X100, 10% BSA, 1% normal goat serum (NGS, Abcam, ab7481)) to reduce nonspecific binding. For all antibody incubation and wash steps, TxB\* buffer (PBS supplemented with 0.1% Triton-X and 2% BSA) was used. The slices were incubated overnight at room temperature with the primary antibodies, washed twice, and incubated overnight with secondary antibodies. The slices were then washed twice and mounted on glass cover slides with Tissue-Tek OCT Compound (Sakura, 4583). The slices were visualized with a Zeiss LSM 700 confocal microscope at various magnifications indicated in figure legends. Image stacks were initially used to analyze all layers of the slice and showed that optimal staining was confined to the central layers; images were thus taken from central layers within the tissue and then mean fluorescence intensity of MBP staining in the central white matter tracts was analyzed using ImageJ software. On average, four to six slices per condition were grown, six to eight images per slice were taken, and four regions per image were measured. Values in graphs show mean MBP fluorescence intensity of about 140 measurements with standard deviation of the mean (SD). For EBI2 internalization studies, U937 cells were washed once with PBS and incubated with 7α25HC (10 μM) or NIBR189 (10 μM) for 1 h at 37 °C. The U937 cells where then attached to cover slides using Thermo Scientific Cytospin 4 Cytocentrifuge (A78300003). All cells were washed with PBS and fixed with fixation/permeabilisation kit (BD Cytofix/Cytoperm, 554714) for 20 min on ice. Nonspecific binding was reduced by incubating cells for 1 h at room temperature in TwB buffer (PBS supplemented with 0.1% Tween-20, 1% BSA). For all antibody incubation and wash steps, TwB\* (PBS supplemented with 0.05% Tween-20 and 0.5% BSA) was used. The cells were incubated overnight at 4 °C with the primary antibodies, washed twice, and incubated with secondary antibodies for 1 h. The cells were then washed twice, incubated with Hoechst in PBS for 10 min and washed twice again, and stored in PBS at 4 °C in the dark until imaged. The cells were visualized with a Zeiss LSM 700 confocal microscope.

Results {#Sec9}
=======

Organotypic cerebellar slices maintain host tissue cytoarchitecture and physiology {#Sec10}
----------------------------------------------------------------------------------

The cytoarchitecture of cerebellar tissue in organotypic slices prepared from postnatal day 10 (P10) mice and cultured for 14 days in vitro (14 DIV) was investigated with immunocytochemistry. The data showed that CNS resident cells including neurons (Fig. [1](#Fig1){ref-type="fig"} b), astrocytes (Fig. [1](#Fig1){ref-type="fig"} a), microglia/macrophages (Fig. [1](#Fig1){ref-type="fig"} c), and oligodendrocytes (Fig. [1](#Fig1){ref-type="fig"} b) were present in the slices after 14 DIV. Peripheral immune cells expressing the F4/80 antigen such as macrophages, monocytes, and dendritic cells (Fig. [1](#Fig1){ref-type="fig"} c) were also present in the slices. This data suggests, perhaps, that CNS-immune system interactions that occur in vivo may have potential to take place in these slice cultures. In addition, we find that microvascular morphology is also preserved as shown by alignment of CD31 (endothelial cells, Fig. [1](#Fig1){ref-type="fig"} a), with GFAP (astrocytes, Fig. [1](#Fig1){ref-type="fig"} a) and F4/80 (macrophages, Fig. [1](#Fig1){ref-type="fig"} c), suggestive that GFAP and F4/80 positive cells envelop the CD31 cells in the brain as found in the blood-brain barrier (BBB). Most importantly, the data showed that myelination, which is mainly observed in the central white matter at P10, continues to develop in this in vitro model for at least 14 DIV \[[@CR27]--[@CR29], [@CR35], [@CR37]\] making it a model for studying myelination processes under normal and pathophysiological conditions (Fig. [1](#Fig1){ref-type="fig"} b).Fig. 1Organotypic cerebellar slices maintain host tissue cytoarchitecture and physiology. Confocal images show preserved cytoarchitecture in organotypic slice cultures prepared from P10 mice and cultured for 14 DIV. **a** Preserved blood vessel structure shown with CD31/PECAM-1 (red), endothelial cell marker. Images also show astrocyte (GFAP, green) staining throughout the entire slice as well as complete ensheathment of blood vessels with astrocytic end feet (higher magnification images). Nuclei stained with Hoechst (blue, merge image). **b** Images show a complete axon (NF, red) myelination with myelin (MBP, green). **c** Presence of immune cells shown here with anti-F4/80 antibody (green), a marker of microglia, mature macrophages, dendritic cells, and monocytes. Macrophages and monocytes align along the blood vessels as can be seen in higher magnification (×10 and ×40) images forming the BBB together with endothelial cells and astrocytes. Nuclei stained with Hoechst (blue, merge image). Images taken at ×10 (scale bar 100 μM), ×40 (scale bar 50 μM), and ×5 (scale bar 200 μM) magnification

EBI2 deficiency results in transient delay in MBP expression {#Sec11}
------------------------------------------------------------

Since oligodendrocytes use cholesterol as a building block for myelin and oxysterols are involved in cholesterol homeostasis and turnover, it is possible that activation of EBI2 by oxysterols plays an important role in myelination. In agreement with this idea, studies have shown that activation of LXR by oxysterols indeed regulates cholesterol homeostasis in oligodendrocytes \[[@CR3]\]. Thus, to investigate whether EBI2 also has a role in regulation of myelination state, cerebellar slices were prepared from P10 EBI2 KO and WT mice and cultured for 1--14 DIV (Fig. [2](#Fig2){ref-type="fig"} a). The extent of myelination was measured with confocal microscopy quantifying MBP staining. The data showed less MBP staining in cerebellar slices prepared from EBI2 KO mice compared to WT mice in the first one to two DIV (75.1 ± 20.6% at one DIV and 70.6 ± 21.3% at two DIV) and reaching WT levels after four to five DIV (95.1 ± 26.2%) (\*\**p* \< 0.01, \*\*\**p* \< 0.001, five to six animals per group, independent Student *t* test) (Fig. [2](#Fig2){ref-type="fig"} b). To further study the effects of EBI2 deficiency on the observed lower levels of MBP expression, whole mouse brain lysates of WT and EBI2 KO mice were prepared and MBP protein expression was measured with WB (Fig. [2](#Fig2){ref-type="fig"} c--e). The analysis showed that MBP expression in brains from EBI2 KO mice is deficient at P14 compared to MBP expression in the brains from WT mice (54.9 ± 22.9%, \*\*\**p* \< 0.001, three animals per time point, independent Student *t* test) (Fig. [2](#Fig2){ref-type="fig"} c, d). In agreement with organotypic slice data, MBP expression in vivo was deficient only at earlier stages of development and reached WT levels at P30 (80.5 ± 19.5%, *p* \> 0.05, three animals per time point, independent Student *t* test) (Fig. [2](#Fig2){ref-type="fig"} c, e). Interestingly, we have not observed differences in other myelin markers such as Olig1, CNPase, or MOG protein expression between WT and EBI2 KO mouse brains (Additional file [1](#MOESM1){ref-type="media"}: Fig. S1). The data suggest that EBI2 signaling is involved in myelin development at least during earlier stages of myelination and warrants further investigations into the role of EBI2 and oxysterols in myelination.Fig. 2EBI2 deficiency results in transient delay in MBP expression. **a** Representative confocal images show mice cerebellar slices prepared from P10 mice and cultured for 1, 2, 4 to 5, 7 to 9, and 14 DIV. Myelin (MBP, green) staining is shown. Myelin development was determined by quantification of MBP staining density. Analysis showed significant differences in myelin development between one to two DIV. Images taken at ×10 magnification. Scale bar, 100 μM. **b** Graph showing quantification of MBP immunofluorescence in images such as those shown in (**a**). Data presented as mean ± SD (five to six animals per group), unpaired *t* test, \*\**p* \< 0.01, \*\*\**p* \< 0.001 versus corresponding control. **c** Representative WBs show differential expression of MBP in whole brain lysates prepared from embryonic (E14 and E18) and postnatal (P1, P7, P14, and P30) WT and EBI2 KO mice. **d, e** Densitometric quantification of blots such as that shown in (**c**). Normalized WB data presented as mean ± SD (three to four WB data per time point; one animal per blot), unpaired *t* test, \*\*\* *p* \< 0.001 versus corresponding control

Downregulation or antagonism of EBI2 signaling staggers myelination {#Sec12}
-------------------------------------------------------------------

Myelin sheets are made up to a great extent from cholesterol and cholesterol derivatives; oxysterols are involved in cholesterol homeostasis \[[@CR3], [@CR38]\]. Cholesterol deficiency in myelinating oligodendrocytes can result in disrupted and delayed myelination showing that cholesterol is a crucial component of myelin. This lack of cholesterol can slow the rate of myelin formation and results in motor deficiency in mutant mice where myelinating oligodendrocytes cannot synthesize cholesterol \[[@CR8]\]. To investigate the effects of long-term EBI2 agonism and antagonism on myelination, organotypic cerebellar slices were prepared from 10-day-old mice and cultured with or without the EBI2 agonist (7α25HC, 1 μM) or antagonist (NIBR189, 1 μM) for 9, 14, or 20 days in vitro (DIV) (Fig. [3](#Fig3){ref-type="fig"}). Neither agonism nor antagonism of EBI2 for 9 DIV (7α25HC 106.4 ± 24.5%, NIBR189 97.38 ± 21.1%, *p* \> 0.05, *n* = 6, one-way ANOVA and Dunnett's post-test) nor 14 DIV (7α25HC 97.3 ± 20.5%, NIBR189 103.0 ± 30.0%, p \> 0.05, *n* = 4, one-way ANOVA and Dunnett's post-test) induced changes in myelination compared to non-treated control as measured by MBP staining and immunocytochemistry (Fig. [3](#Fig3){ref-type="fig"} a, b). However, long-term 20 DIV incubation of slices with the compounds induced a significant delay in MBP expression compared to non-treated controls (7α25HC 74.5 ± 8.8%, NIBR189 77.0 ± 7.1%, \*\**p* \< 0.01, \*\*\**p* \< 0.001, *n* = 4, one-way ANOVA and Dunnett's post-test) (Fig. [3](#Fig3){ref-type="fig"} c). Interestingly, both agonism and antagonism of EBI2 induced similar inhibitory effect on MBP expression. To explain these apparently contradictory findings, we suggest that the EBI2 agonist 7α25HC is likely inducing receptor internalization and thus functional antagonistic effect as we have described for sphingosine 1-phosphate receptors (S1PR) \[[@CR39], [@CR40]\]. In agreement, we and others have observed that 7α25HC induces EBI2 receptor internalization in CHO-hEBI2 stable cells and in the U937 monocyte/macrophage cell line (Fig. [3](#Fig3){ref-type="fig"} d) \[[@CR33], [@CR41], [@CR42]\]. Taken together, the data showed that EBI2/oxysterol signaling may regulate myelination state.Fig. 3Downregulation or antagonism of EBI2 signaling staggers myelination. Representative confocal images show MBP expression (green) and NF light chain (red) in WT cerebellar slices prepared from P10 mice and cultured for **a** 9 DIV, **b** 14 DIV, and **c** 20 DIV with or without 7α25HC (1 μM) and NIBR189 (1 μM). Corresponding bar graphs shows quantification of MBP staining. There are no differences between non-treated and treated slices at 9 and 14 DIV. However, treatment of slices with 7α25HC or NIBR189 for 20 DIV inhibits normal myelin development in WT cerebellar slices as measured by MBP staining. Data presented as mean ± SD (*n* = 4 and 6), one-way ANOVA and Dunnett's post-test, \*\* *p* \> 0.01, \*\*\* *p* \< 0.001 versus corresponding control. Images taken at ×10 magnification. Scale bar 100 μm (**d**). Treatment of human monocytes (U937) with 7α25HC (10 μM) for 1 h induces EBI2 (green) internalization. NIBR189 (10 μM) does not induce receptor internalization. Images were taken at ×40 magnification. Scale bar 20 μM

7α25HC attenuates LPC-induced demyelination in mouse cerebellar slices {#Sec13}
----------------------------------------------------------------------

Studies have suggested that EBI2 and oxysterols are implicated in the pathogenesis of various autoimmune diseases \[[@CR43], [@CR44]\]. It has also been found that CH25H is up-regulated during demyelination as well remyelination in animal models of multiple sclerosis, EAE, to promote myelination \[[@CR21]\]. In the current study, the effect of 7α25HC on LPC-induced demyelination was examined, similar to that we have described previously for the S1PR agonist, pFTY720 (Fig. [4](#Fig4){ref-type="fig"}) \[[@CR27]\]. The effects of LPC and 7α25HC on myelination in slices prepared from WT mice (Fig. [4](#Fig4){ref-type="fig"} a, c) and EBI2 KO mice (Fig. [4](#Fig4){ref-type="fig"}b, d) were investigated. In contrast to previous experiments, the slices were cultured for 14 DIV in complete media without the EBI2 compounds allowing them to myelinate fully before short-term treatments with LPC (18 h) and the compounds (48 h). Short-term treatment of fully myelinated WT slices with 7α25HC or NIBR189 alone had no significant effects on myelin state compared to control, as determined by MBP immunostaining (Fig. [4](#Fig4){ref-type="fig"}a, b). Importantly, 7α25HC (99.6 ± 35.1%) significantly protected from LPC-induced (55.4 ± 19.1%) demyelination in WT slices (\*\**p* \< 0.01, *n* = 8, one-way ANOVA and Tukey's post-test) (Fig. [4](#Fig4){ref-type="fig"} c). Furthermore, the pre-treatment of slice cultures with EBI2 antagonist, NIBR189, reversed the protective effects of 7α25HC (44.1 ± 17.2%), indicating a receptor-dependent mechanism (\*\**p* \< 0.01, *n* = 4, one-way ANOVA and Tukey's post-test) (Fig. [4](#Fig4){ref-type="fig"} c). To further confirm that the observed effects are EBI2 dependent, slices from EBI2 KO mice were treated same as above and immunostained for MBP (Fig. [4](#Fig4){ref-type="fig"} b). The data showed that treatment with 7α25HC does not protect from LPC-induced demyelination (49.8 ± 12.7%) in EBI2 KO mice confirming EBI2-mediated effects (\*\**p* \< 0.01, *n* = 4, one-way ANOVA, and Tukey's post-test) (Fig. [4](#Fig4){ref-type="fig"} d). Taken together, the data suggests that oxysterols as well as EBI2 signaling are involved in preserving myelination state under conditions of demyelination.Fig. 47α25HC protects from LPC-induced demyelination. Representative confocal images show WT (**a**) and EBI2 KO (**b**) mice cerebellar slices treated with 7α25HC (1 μM) and/or NIBR189 (1 μM) ± LPC (0.4 mg/ml). Anti-MBP (green) and anti-neurofilament (NF, red) immunostaining is shown. Images were taken at ×10 magnification. Scale bar, 100 μM. **c** A corresponding bar graph shows quantification of myelin staining in WT slices such as those shown in (**a**). 7α25HC significantly protects from LPC-induced demyelination, and this protective effect is inhibited with the EBI2 antagonist NIBR189 indicating EBI2 mediated protection from demyelination. Data presented as mean ± SD (*n* = 4 and 8), one-way ANOVA and Tukey's multiple comparison post-test, \*\* *p* \< 0.01 versus corresponding control. **d** A bar graph shows that 7α25HC does not protect from LPC-induced demyelination in slices prepared from EBI2 KO animals confirming EBI2-dependent mechanism shown in (**a** and **c**). Data presented as mean ± SD (*n* = 4), one-way ANOVA and Tukey's multiple comparison post-test, \*\**p* \< 0.01 versus control. **e** Schematic diagram illustrating experimental design

EBI2 attenuates LPC-induced IL6 and IL1β release in mouse cerebellar slices {#Sec14}
---------------------------------------------------------------------------

Studies have shown that oxysterols may exert anti-inflammatory effects inhibiting pro-inflammatory cytokine release \[[@CR45]--[@CR47]\]. For instance, it has been shown that mice deficient in the CH25H enzyme, which cannot synthesize oxysterol 25HC, show intensified EAE disease progress \[[@CR18]\]. CH25H-deficient mouse macrophages also released greater amounts of IL1β after LPS stimulation than their wild type counterparts, indicating that 25HC has anti-inflammatory properties \[[@CR18]\]. It has also been shown that pro-inflammatory cytokines can induce demyelination \[[@CR24], [@CR25]\]. To investigate whether LPC-induced demyelination was accompanied by increase in pro-inflammatory cytokines and whether EBI2 activation had an effect on cytokine release in these slices, media collected after 18 h treatment with LPC (0.4 μg/ml) with or without EBI2 agonist (7α25HC, 1 μM) or antagonist (NIBR189, 1 μM) was analyzed with IL6 and IL1β ELISAs (Fig. [5](#Fig5){ref-type="fig"} a). Treatment with LPC alone significantly induced levels of IL6 (211.1 ± 6.1%) (Fig. [5](#Fig5){ref-type="fig"} b) and IL1β (247.1 ± 48.1%) (Fig. [5](#Fig5){ref-type="fig"} c) in cerebellar slices after 18 h (\*\*\**p* \< 0.001, *n* = 3, one-way ANOVA and Bonferroni post-test). Treatment with NIBR189 (75.6 ± 5.9% for IL6, 90.0 ± 5.2% for IL1β) alone had no effect on IL6 and IL1β release from organotypic slices (Fig. [5](#Fig5){ref-type="fig"} b, c) (*p* \> 0.05, *n* = 3, one-way ANOVA and Bonferroni post-test). However, pre-treatment of slices with 7α25HC attenuated the LPC-induced levels of IL6 (36.5 ± 0.7%) (Fig. [5](#Fig5){ref-type="fig"}b) and IL1β (36.0 ± 1.8%) (Fig. [5](#Fig5){ref-type="fig"}c) (\*\*\**p* \< 0.001, *n* = 3, one-way ANOVA and Bonferroni post-test). Moreover, demonstrating EBI2-dependent mechanism, NIBR189 blocked the anti-inflammatory effects of 7α25HC on LPC-induced levels of IL6 (109.7 ± 4.5%) (Fig. [5](#Fig5){ref-type="fig"}b) and IL1β (81.8 ± 10.2%) (Fig. [5](#Fig5){ref-type="fig"}c) (*p* \> 0.05 versus LPC, *n* = 3, one-way ANOVA and Bonferroni post-test). In summary, the data shows that EBI2 and oxysterols are involved in regulation of normal myelination as well as protection during inflammatory processes possibly via inhibition of pro-inflammatory cytokine levels.Fig. 57α25HC attenuates LPC-induced levels of IL1β and IL6 in cerebellar slices. **a** Schematic diagram illustrating experimental design. Treatment of slices with LPC (0.4 mg/ml) induces an increase in IL6 (**b**) and IL1β (**c**) protein release. 7α25HC (1 μM) attenuates LPC (0.4 mg/ml)-induced levels of IL6 (**b**) and IL1β (**c**). Co-treatment with EBI2 antagonist (NIBR189, 1 μM) blocks the 7α25HC-mediated effects on the levels of IL6 (**b**) and IL1β (**c**) indicating EBI2-dependent regulation of cytokine release. Treatment with NIBR189 alone did not alter IL6 (**b**) or IL1β (**c**) release. Data presented as mean ± SD (*n* = 3), one-way ANOVA and Bonferroni's post-test, \*\*\* *p* \< 0.001 versus corresponding control

Discussion {#Sec15}
==========

EBI2 is a G protein-coupled receptor that plays an important role in orchestrating T cell-dependent antibody response in lymphoid tissue \[[@CR48], [@CR49]\]. The oxysterol 7α25HC is the most potent known endogenous agonist for EBI2 \[[@CR33], [@CR41]\]. Oxysterols are derivatives of cholesterol which, among other functions, also act as immune regulators \[[@CR38]\]. A large quantity of cholesterol is located in the brain where it serves as a building block for myelin sheets of oligodendrocytes \[[@CR50]\]. Oxysterol signaling has been implicated in certain diseases of the CNS with immune and demyelinating component, although with somewhat opposite effects depending on the study \[[@CR14]--[@CR16], [@CR19], [@CR20], [@CR51], [@CR52]\]. For instance, anti-inflammatory and disease-alleviating properties of oxysterol signaling have been reported in microglia during demyelinating and remyelinating phases of EAE \[[@CR21]\]. In another study, CH25H-deficient mice showed exaggerated EAE progression and intensified pro-inflammatory cytokine profile \[[@CR18]\]. Reduced levels of 25CH have also been found in relapsing-remitting MS patients \[[@CR14]\]. Mutation in another enzyme needed for 7α25HC synthesis, namely CYP7B1, is the cause of a neurodegenerative disorder called spastic paraplegia type 5 (SPG5), which is characterized by white matter lesions \[[@CR22], [@CR23]\]. However, contrary findings were reported showing attenuated disease course in EAE in CH25H KO animals \[[@CR19]\] and in mice injected with 25HC as well as cells derived from childhood cerebral X-linked adrenoleukodystrophy patients \[[@CR20]\]. Moreover, in EAE, expression of EBI2 receptor in Th17 cells, CH25H in microglia and CYP7B1 in infiltrating immune cells have been found to be increased demonstrating EBI2/oxysterol role as a mediator of autoimmunity and inflammation \[[@CR16]\]. Increased expression of EBI2 and oxysterols has been found in MS lesions and specifically in infiltrating cells such as CD4+ T cells possibly indicating disease aggravating signaling \[[@CR15], [@CR16]\]. In light of the above often contradictory findings, further elucidation of EBI2/oxysterols signaling in CNS immune defense and its potential involvement in myelination is needed. Here, the effects of EBI2 on normal myelin development and demyelination under pathophysiological conditions were investigated. It was demonstrated that myelin in EBI2 KO mice develops slower than in WT mice. In agreement with the knock-out studies, pharmacological studies showed that long-term inhibition of EBI2 signaling either via persistent antagonism or receptor internalization and downregulation staggers myelin development. In addition to regulation of myelin development under normal conditions, the data showed that activation of EBI2 protects from LPC-induced demyelination and that the protective effects might be mediated via inhibition of pro-inflammatory cytokine release.

EBI2 is involved in myelin development {#Sec16}
--------------------------------------

Studies have shown the importance of high cholesterol synthesis and homeostasis for proper myelin development \[[@CR8]\]. Abnormalities in cholesterol or oxysterol levels have also been linked to defective myelination \[[@CR8]--[@CR10]\]. In the current study, investigations of the expression of myelin proteins in WT and EBI2 KO mice at various stages of development showed that MBP expression in the brains of EBI2 KO mice is delayed compared to WT mice. Notably, a similar pattern of MBP expression was observed in vivo and in vitro. MBP expression was reduced in cerebellar slices prepared from P10 EBI2 KO mice grown in vitro for 1--14 days compared to slices prepared from WT mice. The data showed an initial delay of MBP expression and thereafter an eventual MBP recovery in EBI2 KO as well as in organotypic slices treated with EBI2 compounds. MBP is thought to be involved in myelin compaction during oligodendrocyte maturation \[[@CR53]\]. In shiverer mice, where the MBP gene has been mutated, formation of the major dense line in compact myelin is affected \[[@CR54], [@CR55]\]. It is therefore possible that EBI2 signaling is involved in later stages of myelin development when myelin is being compacted. At this stage of myelination, an asymmetry in lipid composition during myelin compaction is being formed \[[@CR56]\]. The glycolipids are positioned in the outer surface in the intraperiodic line, and negatively charged phospholipids are located on the inner part \[[@CR56]\]. Given that we find EBI2 regulates MBP levels, this receptor might play an important role in the process of compaction. Interestingly, we have not observed differences in Olig1, CNPase, or MOG protein expression between WT and EBI2 KO mouse brains. These and other markers are expressed at various stages of oligodendrocyte development to guide the maturation of myelin. The lack of differences in the expression of these proteins, except MBP, in WT and EBI2 KO animals indicates that EBI2 signaling is not involved at all stages of myelin development. This may also suggest that EBI2 may only be involved in regulation of fine-tuning of myelin content and compaction.

Inhibition of EBI2 signaling leads to delay in MBP expression {#Sec17}
-------------------------------------------------------------

The data from pharmacological in vitro studies confirmed the findings from the in vivo and in vitro genetic knock-out experiments. Both, long-term EBI2 antagonism and agonism induced a delay in MBP expression. The EBI2 agonist, 7α25HC, has been shown to induce receptor internalization in CHO cells stably expressing human EBI2 and in the U937 monocyte/macrophage cell line \[[@CR33], [@CR41], [@CR42]\]. It is therefore possible that long-term EBI2 agonism led to receptor internalization and its subsequent downregulation on the cell membrane inducing a functional antagonist effect as has previously been described for S1P1 receptors \[[@CR39], [@CR40]\]. The effects of the EBI2 compounds on MBP expression was observed after as long as 20 DIV and was not present at earlier time points. The differences in myelination might not have been observed at earlier stages due to the fact that EBI2 signaling was present up to P10 at which stage the slices were prepared and maintained in media supplemented with the EBI2 compounds. Thus, it is conceivable that the MBP expression continued for some time after the signal was interrupted pharmacologically with EBI2 compounds resulting in the slowing down of MBP expression.

EBI2 protects from LPC-induced demyelination via inhibition of pro-inflammatory cytokine release {#Sec18}
------------------------------------------------------------------------------------------------

Lastly, the current study demonstrated that activation of EBI2 can attenuate LPC-induced demyelination in WT mouse cerebellar organotypic slice cultures, but not in those prepared from EBI2 KO mice. It also showed that a reduction in the levels of pro-inflammatory cytokines may play a role in these protective effects. Moreover, the EBI2 antagonist inhibited the effects of 7α25HC on LPC-induced demyelination in organotypic mice cerebellar slice cultures. These protective effects of 7α25HC were lost in slices prepared from EBI2 KO animals. Of interest, the effects of 7α25HC on attenuating LPC-induced demyelination in organotypic mice cerebellar slice cultures resembled the effects of the S1P1 receptor modulator pFTY720 in our previous studies \[[@CR27]\]. These findings are in agreement with recent findings in the EAE model where CH25H (enzyme needed for 25HC synthesis)-deficient mice exhibited exaggerated course of the disease probably due to the diminished negative feedback loop exerted by 25HC on the IL1-family of cytokines \[[@CR18]\]. However, it needs to be noted that our observations are not in agreement with other studies which found that CH25H KO mice show an alleviated course of EAE \[[@CR19]\] and that WT mice expression of CH25H, CYP7B1, and the receptor itself is increased leading to autoimmunity and migration of reactive T cells into inflamed tissue \[[@CR16]\]. Overall, these experiments provide genetic and pharmacological support for an EBI2-mediated process during CNS inflammation and demyelination. More research is needed, however, to elucidate the exact role and significance of the receptor and its ligand in these disease processes.

Conclusions {#Sec19}
===========

Given the data presented in the current study, we are now examining the effects of EBI2 deficiency in in vivo models of MS, namely in the LPS-challenge and cuprizone models. The value of using the EBI2-null animals in these models of MS is important to determine the value of this receptor as a drug target in demyelinating illnesses such as MS. It is equally interesting to note that mutations in CYP7B1 have been identified in patients with an autosomal recessive form of hereditary spastic paraplegia called SPG5 (for a recent review see \[[@CR57]\]). Several groups reported white-matter MRI abnormalities indicative of possible demyelination in cases of SPG5 \[[@CR23], [@CR58], [@CR59]\]. These results suggest further that reduced levels of EBI2-activating oxysterols may alter myelination state. Moreover, these genetic findings support the idea that activation of EBI2 could be important for therapeutic intervention in selected patients suffering from SPG5. In closing, we suggest this work and further in vivo studies will support the use of EBI2 as a novel drug target for treatment of MS and possibly other neuroinflammatory and neurodegenerative diseases.

Additional file {#Sec20}
===============

Additional file 1: Figure S1.Olig1, CNPase, and MOG are not differentially expressed in WT and EBI2 KO mice. (a) Representative WBs show quantitative differences in oligodendrocyte marker expression in whole brain lysates prepared from embryonic (E14 and E18) and postnatal (P1, P7, P14,and P30) mouse brains. Densitometric quantification of blots shown in (a) indicating that Olig1 (b) CNPase (c) and MOG (d) expression is not different in WT and EBI2 KO animals. Data presented as single measurement, three animals per time point. (PDF 468 kb)

7α25HC

:   7α, 25-dihydroxycholesterol

EAE

:   Experimental autoimmune encephalomyelitis
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:   Epstein-Barr virus-induced gene 2

KO

:   Knock-out
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:   Lysolecithin
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:   Multiple sclerosis
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